This study on blooming biology, nectar secretion, pollen production and insect visitation of Aquilegia vulgaris L. was carried out in 2009 and 2011 in Lublin. The peak of flower opening during the day was between 5.00 and 7.00 (GMT +2). The flowers are protandrous with the female phase beginning approx. on the 3 rd day of anthesis. The dynamics of nectar secretion and pollen shed from anthers (progressing from the central part of the androecium outwards) support the reproductive system. The amount of nectar accumulated in the spurs increased from the bud stage and was the highest in the phase with approx. ¾ of dehisced anthers, usually on the 3 rd day of flower life. Then, towards the end of anthesis, the amount of secreted and accumulated nectar decreased. The number of anthers developed per flower varied from 41 to 61 (mean = 49.1). The mass of pollen per 100 anthers averaged 6.7 mg. Pollen production per flower (mean = 3.28 mg) slightly varied between years and was mainly correlated with the number of developed anthers. Estimated pollen yield was 1.69 g per m 2 and sugar yield 1.22 g per m 2 . Species from the genus Bombus were the main flower visitors, with B. terrestris being the most frequent forager.
INTRODUCTION
Aquilegia vulgaris L. (Ranunculaceae) is native to Eurasia and is distributed in north temperate regions in America. This perennial creates dense patches on meadows, along river banks, on a range of damp calcareous soils, including cliffs, and is found in deciduous forests located up to 1200 m a.s.l. (L a v e rg n e et al. 2005 ). The species is protected by law in Poland. Among beekeepers, the Ranunculace species are regarded not very attractive for Apis mellifera, as reports of the toxicity of their pollen are known. Most Ranunculaceae flowers offer no nectar, only pollen, but numerous species create trophic niches for different wild pollinators (e.g. Osmia, Megachile, Bombus, Andrena) . S z k l a n o w s k a (1995) The aim of the present study was to establish the rate of nectar secretion and pollen production of Aquilegia vulgaris L.; additional interest was attached to the observations of blooming and pollinator composition.
MATERIALS AND METHODS
The observations were carried out in 2009 and in 2011 in the UMCS Botanical Garden in Lublin.
Aquilegia vulgaris L. was grown in the alpine section on loess soil, pH 6-7, at a site fully exposed to the sun.
Flowering time and duration were noted and observations of the diurnal dynamics of blooming were made according to the protocol described by D e n i s o w (2009). Simultaneously to the flowering observations, the pattern and intensity of insect visitation were noted. The number of all visiting insects foraging per unit area was counted. The development of flower and the the dynamics of anther dehiscence were noted at one-hour intervals (GMT + 2h) and the number of dehiscent anthers was counted. The abundance of flowering was established on the basis of stems recorded per 1m 2 and the number of flowers developed per stem (n=15). The flower life-span was defined as the period from bud opening until corolla wilting.
Nectar secretion was measured by the micropipette method. Nectar was extracted at different stages of flower life (J a b ł o ń s k i , 2002). Samples were collected from flowers 1) at bud stage, 2) with c.a. ½ of dehisced anthers, 3) with c.a. ¾ of dehisced anthers -3 rd day of flower life, 4) with all anthers dehisced -4 th day of flower life-span. Sugar concentration measurements were made with an Abbe refractometer and sugar mass was calculated. To exclude insect visits, flowers were bagged with gauze covers. Pollen production was assayed using the method of S z k l an o w s k a (1995). Dry weight of anthers with pollen and pollen mass were determined at the full bloom stage. The mass of pollen produced was calculated for 100 anthers, 10 flowers, and per unit area.
The data were analyzed statistically using ANOVA. The significance between means was examined by Duncan's test at  = 0.05. Statistica software version 6 was applied.
RESULTS
Flowering and nectar secretion. During the years of the study, the average blooming season of Aquilegia vulgaris L. was from mid-May till the end of July. Aquilegia vulgaris was characterized by an early flower opening pattern with the peak between 5.00 and 7.00 (GMT +2) (Fig. 1 ). Up to 40% of opened flowers were observed. During the rest of the day, the flowers developed steadily and 5-10% of the daily number opened during one-hour intervals. Starting from 16.00, the process declined markedly. The mean number of stems established was 21.9 per 1m 2 ( Table  1) . The stems were branched and the number of flowers ranged from 5 to 61 per stem (mean=24.2). The flower is perfect, complete, with five petals elongated into spurred segments ( Fig. 2 a-c) . The flowers are protandrous, with the female phase beginning approx. on the 3 rd day of anthesis (Fig. 3 a-c).The individual nectaries are separately situated in floral spurs and nectar is accumulated in the chamber at the base of the spurs in different amounts. Usually, 1-2 spurs per flower were nectarless. The floral spur length was changing during flower development. Measured from the floral spur base to the entrance of the throat of the flower, the spur length was the shortest (mean = 11.2 mm, SD = 1.44) at the beginning of anthesis and the longest (mean = 16.8 mm, SD = 2.11) at the end of flower life--span. Together with the spur lengthening, the amount of accumulated nectar increased and was the highest at the stage with approx. ¾ of dehisced anthers, usually on the 3 rd day of flower life. Then, towards the end of anthesis, the amount of secreted and accumulated nectar decreased. Nectar resorption occurred concurrently to the advanced process of anther dehiscence (Fig. 4) . The flower life-span, from bud opening until wilting, was completed in 4-5 days.
Pollen shed and insect visits. The number of anthers developed per flower varied from 41 to 61 (mean = 49.1). Pollen release began simultaneously with flower opening at about 5.00 (GMT + 2h) and progressed steadily with approx. 5% of dehiscent anthers in one-hour intervals (Fig.1) . The release of pollen lasted 2.3 days per flower, on average. Anther dehiscence started in the central part of the androecium and progressed outwards (Fig. 3d) . The number of anthers developed per flower differed significantly between years (mean = 49.1) ( Table 2 ). Dry weight of stamen heads differed considerably between years and was lower in 2009, compared with 2011. Coincidentally, the mass of pollen produced was high in 2009 which was related to the percentage proportion of pollen per 100 anthers. Pollen mass per 100 anthers averaged 6.7 mg. Pollen production per flower (mean = 3.28 mg) slightly varied between years and was correlated mainly with the number of developed anthers. The estimated pollen yield was 1.69 g per m 2 and sugar yield 1.22 g per m 2 (Fig. 5) . Bombus spp. were the main visitors, with B. terrestris being the most frequent forager. Among other pollinators, Apis mellifera, solitary bees, Diptera, and wasps were sporadically observed. The activity of Bombus spp. began at about 5.00 and lasted till late evening. The most intensive foraging activity was observed from early morning till midday, accounting for approx. 70% of all visits performed during the entire day (Fig. 1) . Bumblebees collected nectar and pollen but the nectar was a more attractive goal. 
DISCUSSION
The early flower opening pattern of the diurnal dynamics of blooming, characteristic for Aquilegia vulgaris L., varies from the one described for other species in the Ranunculaceae family (S z k l a n o ws k a , 1995; Ż u r a w and D e n i s o w , 2002; D e n is o w and W r z e s i e ń , 2006). The flowers of Aquilegia vulgaris start opening approx. 5.00 (GMT + 2 h), that is, 2-3 hours earlier than, e.g., Anemone japonica or Adonis vernalis L. This confirms that the diurnal dynamics of blooming is highly species-specific and, additionally, indicates an adaptation to different insect foraging patterns of depending on the growing season. Also, the adaptations to external abiotic factors can impact a specific blooming pattern during the day (D en i s o w , 2009; W e r y s z k o -C h m i e l e w s k a and D m i t r u k , 2009).
The basic features that impact the plant-pollinator interaction are colour, size, symmetry, shape, and reward of the flower. Flowers of Aquilegia vulgaris are massive and have their nectar protected in long floral spurs to attract specialized pollinators. The main pollinators observed in our study were Bombus spp. Other insects were observed sporadically. According to F u s s e l l and C o r b e t (1992), species from the genus Bombus competing with other pollinators, e.g. honeybees, choose massive flowers and if additionally the reward features are attractive to bumblebees, they may exclude smaller foragers.
B. terrestris L. was the most frequently observed forager in Lublin. M e d r a n o et al. (2006) documented mainly B. pascuorum and B. pratorum visiting A. vulgaris L. in Spain. Insect visits on flowers depend not only on the accessible reward in individual flowers, but also on the density of patches and seasonal availability of alternative forage. Our study site was located in a botanical garden with an abundance of attractive co-flowering species on which different species of the genus Bombus foraged. Also, the differences in diversity of Bombus spp. and their population size in a given area may impact foraging participation and frequency of bumblebees. The floral spurs of Aquilegia vulgaris lengthen during flower development. This feature, together with the dynamics of nectar accumulation, may influence the selection of flowers by pollinators and attract short-tongue (e.g. B. terrestris) and long-tongue bumblebees (e.g. B. pascuorum and B. pratorum) at different times. In our study, the amount of nectar was the highest on the 3 rd day of anthesis and it was associated with the end of the male phase. Probably the dynamics of nectar secretion supports the pollination system of protandrous flowers and attracts bumblebees to visit the flower at the most appropriate time for effective pollination and to reduce the chance of self--pollination. A similar dynamics of nectar accumulation and resorption is known in the case of other plants (e.g. Orchidaceae) (S t p i c z y ń s k a , 2004). Additionally, the pattern of anther dehiscence encourages dichogamy. Pollen shed starts from anthers situated in the central part of the androecium and progresses outwards. Thus, the anthers positioned in contact with the styles release pollen before stigma receptivity. Usually, the process starts from the anthers situated in the outer parts of the androecium, as described by many authors for species in the Ranunculaceae family (S z k l a n o w s k a , 1995; Ż u r a w and D e n i s o w , 2002; S z k l a n o w s k a et al. Sporadically, and exclusively in 2009, perforated floral spurs were found, but neither short-tongue bumblebees nor honeybees were observed to use this access to get the nectar reward. Nectar robbing is known in the case of different species with deeply hidden nectar (e.g. Symphytum officinale) (F a e g r i and v a n d e r P i j l , 1979).
In our study, approx. 1-2 nectaries per flower did not secrete nectar or the amount was too small and thus remained undetected by the method applied. This finding requires wider studies.
Most papers on pollination ecology focus on nectar reward. We also studied the pollen reward. The productivity of archespores expressed as the percentage of pollen in the total weight of dry pollen-containing anthers varied significantly between years (mean = 29.4 % and 51.7 %, respectively). This indicates that this trait seems to be highly influenced by external factors differently than in other taxa e.g. (S z k l a n o ws k a , 1995; D e n i s o w , 2011). The number of anthers was a more stable feature than the size of anthers. The flower features described in our study (flower size, deeply hidden nectar, dynamics of nectar secretion, pollen production, high pollen viability), together with sugar concentration and composition with the predominance of sucrose described by C a n t o et al. (2007) , indicate that Aquilegia vulgaris L. flowers are highly specialised for bumblebee pollination. On account of its decorative flowers, this species is worth cultivating in bumblebee-friendly gardens.
